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Abstract 
This paper presents a novel methodology for comparing thermal energy storage to electrochemical, chemical, and mechanical 
energy storage technologies. The underlying physics of this model is hinged on the development of a round trip efficiency 
formulation for these systems. The charging and discharging processes of compressed air energy storage, flywheel energy storage, 
fuel cells, and batteries are well understood and defined from a physics standpoint in the context of comparing these systems. 
However, the challenge lays in comparing the charging process of these systems with the charging process of thermal energy 
storage systems for concentrating solar power plants (CSP). The round trip efficiency and the levelized cost of energy (LCOE) are 
the metrics used for comparison purposes. The thermal energy storage system is specifically compared to vanadium redox, sodium 
sulphur, and compressed air energy storage (CAES) systems from a large scale storage perspective of 100’s of MWh. The rationale 
behind this analysis was to develop an electrical storage efficiency for molten salt thermal energy storage systems, such that it can 
be compared to battery energy storage technologies in the context of comparing CSP with thermal energy storage to solar 
photovoltaic with battery storage from a utility scale perspective. The results from the modelling using Andasol 3 CSP plant as a 
case study yield a storage efficiency of 86% and LCOE of $216/MWh. The results of this modelling will facilitate the future 
generation of a thermal energy storage roadmap. 
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1.Introduction 
The quest to develop a novel methodology for comparing thermal energy storage (TES) to other electrical storage 
technologies is envisaged for laying the groundwork for jettisoning the thermal energy storage roadmap. Round trip 
efficiency is the currently used performance metric in thermal energy storage systems. There are three formulations 
of round trip efficiency currently used in TES systems namely the first law efficiency, second law efficiency, and 
storage effectiveness [1]. The Achilles heel of performance evaluations of TES is encapsulated in the definitions of 
these efficiencies, which are in the form of the ratio of thermal energy output to thermal energy input. This formulation 
methodology makes it difficult to compare TES to electrical storage technologies, whereby the formulation takes the 
form of the ratio of electrical energy output to electrical energy input. The analysis done in this paper presents an 
ingenious methodology of formulating the round trip efficiency of a molten salt storage system, such that it can be 
compared to electrical storage technologies from an electrical energy perspective. Modelling and simulation of TES 
integration in a CSP plant is essential in analysing the performance of TES systems. Storage sizing methodologies 
that do not incorporate performance are not robust in depicting the losses and usability [1]. The integration of TES 
and its design considerations are discussed [2]. TES system integration in a CSP plant effectively provides power on 
demand during night hours and economic benefit to CSP power producers by incorporating the time of day tariff. The 
performance metric of round trip efficiency and the cost metric of levelized cost of energy (LCOE) are essential 
parameters for comparing TES systems to electrical storage systems through the development of a comprehensive 
thermal energy storage roadmap that would entail performance, cost, technological readiness levels, economic, and 
policy framework for TES technologies. A plethora of TES technologies are investigated for performance and cost 
effectiveness [3-7]. The quest to develop cost efficient TES systems complimented with low melting point and high 
temperature materials research for TES systems is envisioned for the future. 
2.Methods 
The charging and discharging processes of batteries and fuel cells, compressed air energy storage, flywheel energy 
storage, and TES are compared in Figures 1 to 4 in order to derive the round trip efficiency formulation. Efficiency is 
simply defined as the ratio of electrical energy output to electrical energy input, as shown in Figures 1 to 3. It is 
important to note that the input energy is equivalent to the energy of a system without storage in Figures 1 to 3. The  
Fig. 1. Charging and discharging processes of batteries and fuel cells. 
 Sameer Hameer and Johannes L. Van Niekerk /  Energy Procedia  93 ( 2016 )  25 – 30 27
Fig. 2. Charging and discharging processes of CAES. 
input source of energy is electrical energy in Figures 1 to 3 except for Figure 4, where the input is thermal energy. 
The very same stipulation holds for TES and is demonstrated by taking the energy ratio of a CSP system with storage 
divided by a CSP system without storage, as shown in Figure 4. The ratio obtained equals the thermal storage 
efficiency. The block diagrams of Figures 1 to 3 shows the representative values of round trip efficiency for these 
systems garnered through literature. Figure 1 shows a simplified charging and discharging cycle of a battery and fuel 
cell. Figure 2 shows electrical energy fed into a compressor which drives the air into a cavern/vessel, which is later 
discharged due to peak demand. Figure 3 shows electrical energy driving a motor/generator system that spins a 
flywheel, which later drives the generator due to the inertia of the flywheel during the discharge cycle. Figure 4 
illustrates the mechanism of a parabolic trough CSP plant with storage. The efficiency of the storage system is 
expressed as follows and defined as the ratio of energy output with storage to energy output without storage, as shown 
in Figures 1 to 4: 
η =   (1) 
This performance metric expression provides a compact way to compare TES to electrical storage technologies 
from an electrical energy perspective. Round trip efficiency and/or turn around efficiency in this formulation is defined 
as the storage efficiency. The diagrams below show how equation (1) above was obtained through the charging and 
discharging processes of these systems by simply defining efficiency as the ratio of energy output to the ratio of energy 
input. During the charging phase, energy input is equivalent to energy output without storage for the systems defined 
below. Figure 4 shows that equation (1) can also be expressed for thermal energy storage systems. Table 1 shows the 
round trip efficiencies of batteries [8]. The thermodynamic model comprises of the governing equations of heat 
transfer between heat transfer fluid (HTF) and molten salt storage; heat exchanger losses; and molten salt storage tank 
losses. 
Table 1. Round trip efficiencies of batteries [8]. 
Battery Round trip efficiency 
Vanadium redox 75-85% 
Lead acid 70-90% 
Sodium sulphur 80-90% 
Lithium ion 85-90% 
Nickel cadmium 60-65% 
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Fig. 3. Charging and discharging processes of flywheel energy storage.  
  
 
 
Fig. 4. Charging and discharging processes of a CSP plant with and without storage. 
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Table 2. Andasol 3 data used for estimation of round trip efficiency and LCOE. 
 
3.Results and Discussion 
The round trip efficiency and LCOE of the Andasol 3 plant using Andasol 3 data are tabulated in Table 2. Andasol 
3 is a 50MWe parabolic trough plant with 7.5 hours of molten salt storage in Spain. Parabolic trough CSP plants with 
molten salt storage have the least LCOE compared to vanadium redox batteries, sodium sulphur batteries, and 
compressed air energy storage, as shown in Table 3. The estimated round trip efficiency of molten salt storage in 
Table 2 compares well with the round trip efficiencies of compressed air energy storage, vanadium redox, and sodium 
sulphur batteries.  
The cost of electricity output for a molten salt storage system for a CSP plant equals the total cost of the stored 
electricity as shown in Table 2. The cost of generating electricity is added to the total cost of the stored electricity for 
the other technologies listed in Table 3 in order to compare it with the LCOE of the molten salt storage system. The 
cost of generating electricity based on conventional and renewable sources are 77 $/MWhe and 97 $/MWhe 
respectively [10]. 
Table 3. LCOE of other storage technologies – 50 MW, 300 MWh [9] 
 
Technology LCOE [$/MWhe] 
(cost of stored electricity) 
LCOE [$/MWhe] based on 
conventional source 
LCOE [$/MWhe] based 
on renewable source 
CAES 275 352 372 
Sodium sulphur 350 427 447 
Advanced lead acid T1 625 702 722 
Advanced lead acid T2 325  402 422 
Zinc bromine 288 365 385 
Vanadium redox  525 602 622 
Molten salt tank losses 2.5 % 
Heat exchanger losses 10% 
Temperature hot tank  3860C 
Temperature cold tank  2960C 
HTF inlet temperature  2930C 
HTF outlet temperature 3930C 
Molten salt energy  125 MW 
HTF energy  125 MW 
Energy output with storage 97 MW  
Energy output without storage 112.5 MW 
Round trip efficiency 86 % 
Total project cost 400 million Dollars 
Annual O&M cost 1.6 million Dollars  
Net electric output per annum 200 GWh 
LCOE 216 $/MWhe 
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4.Conclusion 
The estimated round trip efficiency of 86 % of molten salt storage systems compares well with the first law 
efficiency measure of TES which ranges from 93-99 %. The estimated LCOE of parabolic troughs with thermal energy 
storage is the lowest compared to compressed air energy storage, vanadium redox, and sodium sulphur batteries. The 
use of molten salt both as an HTF and storage in parabolic trough plants will lower the LCOE to a point of making it 
cost competitive with solar towers. Hence, this sets the stage for CSP plants with thermal energy storage in the context 
of the smart grid concept.  
The exergy destruction of molten salt storage was estimated to be about 2.1 %, which justifies that molten salt 
storage systems have both high energy and exergy efficiency. The storage exergy efficiency was estimated to be about 
98% using the second law efficiency formulation.  
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